SuMMarY: intertidal mudflats are a dominant feature in many estuarine systems and may be a significant component of the feeding grounds available for many fish and bird species. therefore, it is crucial to determine the importance and role that this particular habitat plays for the different estuarine communities. Spatial and temporal dynamics of macrobenthic communities in an intertidal mudflat of the tagus estuary were assessed in order to determine the role of this habitat in the whole estuarine functioning. benthic macroinvertebrate communities were sampled monthly in two intertidal areas (upper and lower) and in the adjoining subtidal area for one year. Macroinvertebrate density and biomass in the intertidal mudflat were higher than in the subtidal area, but no clear trends were found between the lower and upper intertidal area. Spatial patterns in the community were more pronounced than seasonal patterns. this benthic community was characterised by high densities of Pygospio elegans, Scrobicularia plana, Cyathura carinata, Hydrobia ulvae and Nereis diversicolor. abundance and biomass values in this intertidal mudflat were considered low in comparison with other estuarine habitats, namely seagrass beds. nevertheless, this habitat plays an important role for the main species present in the community, acting as a key area for recruitment, with high concentrations for many invertebrate species.
intrOduCtiOn
Coastal transition ecosystems such as estuaries and coastal lagoons are recognised worldwide as the most productive and valuable aquatic ecosystems on earth (Costanza et al., 1997) . these transitional environments are characterised by a unique biodiversity and perform several vital functions, e.g. as nursery areas for fish, feeding areas for migrating and wintering birds and migration routes for anadromous and catadromous fish (Odum, 1983; Mclusky, 1989) .
One of the most important characteristics of estuaries is the fact that they form a mosaic of inter-linked habitats that should not be considered in isolation (Morrisey et al., 2003) . each one is of particular value for the different species that use it. the assessment of the importance, dynamics and functions of each estuarine habitat, as well as their ecological connectivity, is still poorly understood (elliott and Hemingway, 2002) .
intertidal mudflats are a dominant habitat in many estuarine systems, often covering a considerable part of their area (Morrison et al., 2002) . they have long been recognised as a key habitat for the estuarine food web because of their disproportionately high productivity in comparison with subtidal areas (reiser, 1985; Michaelis et al., 1992; Wanink and Zwarts, 1993; elliott and dewailly, 1995) , and an increasing number of studies considering their dynamics have been published recently (dittmann, 2000; boer and Prins, 2002; dolbeth et al., 2003; Melville and Connolly, 2005; rodrigues et al., 2006; Cardoso et al., 2008) . the first studies on intertidal mudflats focused mainly on macro benthic communities, so their distribution in this habitat is well known for temperate areas (dittman, 2000) . the spatial heterogeneity of macrobenthos along the estuarine gradient is traditionally described in relation to salinity and sediment composition (Ysebaert et al., 2003) . However, the depth gradient from high intertidal to deep subtidal areas also has a pronounced effect on macrobenthic species distribution within the estuary , with the highest values for density and biomass being registered at intertidal sites (Ysebaert et al., 2000) . intertidal mudflats also play an important role as a preferential recruitment habitat for several macroinvertebrate species when adjacent seagrass habitats are available and show higher species richness and abundances (Heck et al., 1995) . the present study was conducted in the tagus estuary, one of the largest estuaries on the atlantic coast of europe. despite being subjected to intense human disturbance, the tagus estuary contains a high biodiversity, mainly because many different habitats are available for biological communities (bettencourt et al., 2001) . intertidal mudflats occupy 40% of the total estuarine area and are mainly located within the nature reserve of the tagus estuary. they are used as feeding areas, maintaining large populations of resident and migratory birds (Moreira,1999) . the tagus estuary plays a functional role as a nursery area for many commercially important fish species (Costa and bruxelas, 1989; Costa and Cabral, 1999) , with intertidal mudflats maintaining suitable conditions for this nursery function, as previously reported for this area (Cabral, 2000; Vinagre et al., 2006; França et al., 2008) .
despite the recognised importance of the benthic macrofauna of these areas, the most extensive study on the tagus estuary intertidal benthic macroinvertebrates, which dates from the early 1980s (Calvário, 1982) , is qualitative and fails to cover the most important areas. recent studies on this area described the structure of the benthic invertebrate community and evaluated its relationship with several environmental factors and the dynamics of this community (rodrigues et al., 2006; Silva et al., 2006) . However, none of these studies dealt with the importance of this vertical gradient from high intertidal to subtidal areas and the differences between their communities. in this study both intertidal and subtidal habitats were sampled, with the main goal of determining the assemblage structure and the spatial and seasonal distribution of macrobenthic communities in the upper and lower part of the intertidal mudflat and in the subtidal area adjacent to it. Special emphasis is placed on differences between communities through this tidal gradient. the crucial role that this intertidal mudflat plays in the global dynamics and functioning of the tagus estuary is also discussed.
Material and MetHOdS

Study Area
the tagus estuary (38º40'n 9º15'W) is 50 km long and occupies an area of 325 km 2 . the system has a tidal amplitude of 4 m and the intertidal and saltmarsh areas account for 40% of the total estuarine area (bettencourt et al., 2001) . the average estuarine depth is ca. 10 m and the maximum depth is 40 m near the mouth of the estuary. the river flow varies both seasonally and annually, with a mean discharge of 400 m 3 s -1 (bettencourt and ramos, 2003) .
the tagus estuary includes several special areas that are protected because of their biological diversity, one of the most important being the tagus estuary nature reserve, with an area of 14560 ha (Farinha et al., 2001) . this area is mainly composed of mudflats that become emerged at low tide, playing an important role as feeding grounds for wintering birds that use the area as a stopover site during their winter migrations (Moreira, 1999) . the present study was undertaken at an area located in the upper estuary in a sheltered south branch, located near alcochete (Fig. 1) . the study sites are located in a large mudflat intertidal area, with an adjacent channel representing the subtidal area. these mudflat areas are completely drained for two periods daily.
according to the elevation of the two intertidal sampled areas, the mean emersion times for both areas were calculated using the synoptic equations for the water level. the obtained estimations were 17 hours day -1 for the upper part of the mudflat and 14 hours day -1 for its lower part. the subtidal area (channel) is always submerged.
Salinity in this area varies from 4 in winter to nearly 30 in summer, while water temperature ranges from 8 to 26ºC (Cabral et al., 2001) .
Sampling and laboratory procedures
quantitative sampling of macrobenthic organisms was carried out monthly from January to december 2004, covering three main areas: upper intertidal (a), low intertidal (b) and subtidal (C). Samples were taken during high water, at neap tides. in each area 10 replicates were randomly sampled using a Van Veen grab (0.05 m 2 ). in a preliminary study in the same area, the number of replicates per sample was established using the rank-frequency diagram method (Frontier, 1983) for stabilising variability. all samples were sieved using a 0.5 mm mesh size sieve and fixed in 10% formalin solution. a sediment sample was obtained for determination of grain size composition.
in the laboratory samples were sorted after being stained with rose bengal and organisms were counted and identified to the lowest taxonomic level. Measures were taken from the most abundant species: total shell length for the bivalve Scrobicularia plana (da Costa, 1778) and total body length for the worm Nereis diversicolor (O.F. Muller, 1776) and for the isopod Cyathura carinata (Krøyer, 1847) . biomass values were determined as gram ash free dry weight (g aFdW), directly measured as the difference between the dried (80ºC for minimum 48 h) and ashed (560ºC for 2 h) weight.
in order to obtain grain size composition, sediment samples were dried at 60ºC and a 100 g subsample was wet-sieved through a 0.063 mm mesh sieve and dried. the remaining sediment was sieved through a four-sieve column. the weight of the residue remaining in each sieve was then expressed as a percentage of the initial subsample weight and the <0.063 mm fraction was calculated from the difference between the initial subsample weight and the sum of the other fractions. the following categories of grain size were considered: mud (<0.063), fine sand (0.063-0.125 mm), medium sand (0.125-0.500 mm), coarse sand (0.500-2.000 mm) and gravel (>2.000 mm).
Data analysis
all macrobenthic abundance data were expressed as number m -2 (ind m -2 ) and biomass data as g ash Free dry Weight m -2 (g aFdW m -2 ). Most individuals were determined to species level.
the biological data for each area (a total of ten replicates per month) were considered as a single station for analysis. the aim of the analysis was to investigate the distribution patterns of species in the three areas considered (upper intertidal, low intertidal and subtidal), and to determine the differences in the spatial and seasonal changes in the community structure between them throughout the sampling year. in order to describe these differences the biological data were submitted to correspondence analysis, using CanOCO 4.5 software (ter braak and Šmilauer, 2002) .
reSultS
Sediment analysis
Mud was the predominant fraction found on the intertidal mudflat (table 1) . the annual mean percentage of mud in the upper intertidal area was 98.9%. Similar percentages of mud were found in the lower part of the intertidal mudflat, with a yearly mean value of 98.4% (table 1) . the subtidal area sediment was primarily composed of coarse sand (40.3%), followed by gravel and mud, which represented 29.8% and 29.4% of the total sediment, respectively.
Macrofauna analysis
during the present study, a total of 8 species and three higher taxa groups were recorded among 58 778 individuals collected from 360 samples. Some individuals were identified only to genus (particularly amphipods), while other organisms, such as oligochaetes, were only identified to class level and may have consisted of more than one species. Mean density (ind m -2 ) and biomass (g aFdW m -2 ) values for each species in the three sampled areas are presented in table 2.
the macrobenthic community of the study area was characterised mainly by high densities of four taxa: Scrobicularia plana, Pygospio elegans, Oligochaeta and Cyathura carinata. although showing marked seasonal changes, these taxa remained the dominant ones throughout the sampling period. the bivalve S. plana accounted for 45.4% of the total abundance of benthic macroinvertebrates in the upper intertidal. the polychaetes P. elegans also showed high densities in this particular habitat, accounting for 33.58% of the total abundance registered (table 2). in the lower intertidal area the same species dominated the community, with 41.25% and 29.74% of the total number of individuals, respectively. in the subtidal area the oligochaeta group accounted for 47.44% of the density of the whole community (table 2) . table 2 shows that the bivalve Scrobicularia plana dominated the macrobenthic community, accounting for 94.57%, 91.53% and 89.22% of the total biomass registered in the upper and lower intertidal and subtidal habitats, respectively. the intertidal mudflat areas showed extremely high density values for the macrobenthic invertebrate species, especially in comparison with subtidal areas, where densities were always low and relatively constant during the sampling period. the highest densities were found in the upper intertidal area during almost the whole year. an exception occurred in november, when highest densities were recorded in the lower part of the intertidal mudflat (Fig. 2) . although a peak in the community's biomass occurred in March in the upper intertidal area, the highest biomass values were always recorded in the lower intertidal area for the rest of the year. Finally, the lowest biomass values were recorded in the subtidal area throughout the year (Fig. 2) .
Spatial and seasonal patterns
density and biomass of the most important species were analysed in order to assess their seasonal and spatial patterns in the three habitat types considered. Table 2 . -Mean total density, biomass and percentages of the taxa identified in the three sampled habitats, during the study period (standard deviation in brackets). One of the dominant species of this community was the bivalve Scrobicularia plana. density values for this species were higher in the upper intertidal habitat. the subtidal habitat accounted for lower density values throughout the year (Fig. 3a) . Higher density peaks were obtained in november in both intertidal areas, with a mean density value of 3972 ind.m -2 for the lower intertidal area and 3887 ind.m -2 for the upper one. despite the high number of individuals recorded in november, the highest biomass values occurred in March (45.6 g aFdW m -2 ) in the upper intertidal area (Fig. 3a) . Figure 4a shows that these density peaks include a large number of small individuals (mean total length values of 3.8 and 4.4 mm between October and december). Small individuals were found mainly on the upper intertidal mudflat, while larger individuals were distributed over the lower intertidal and subtidal areas, occurring mostly during spring and summer.
the pattern observed for the isopod Cyathura carinata was similar to the afore-mentioned one but the highest densities always occurred on the lower intertidal mudflat (Fig. 3b) . the density peak for this species occurred in late summer, with mean densities reaching 640 ind m -2 . the highest biomass value was reached in March in the upper intertidal area (0.87 g aFdW m -2 ) (Fig. 3b) . Seasonal variations in individual total length were similar for both intertidal mudflat areas, showing an increase in spring and a decrease thereafter. the smallest individuals were found in late summer (Fig. 4b) .
the polychaete Pygospio elegans was also one of the dominant species for this community and it showed a broader distribution in the intertidal mudflat, being present in much lower numbers in the subtidal (Fig. 3c) . density values for this species showed one peak in the upper intertidal mudflat in august (3664 ind m -2 ) and one in the lower intertidal mudflat in november (2658 ind m -2 ). the biomass values of this species varied during the year, with the highest values of 0.05 g aFdW m -2 and 0.045 g aFdW m -2 , measured in april and august respectively, in the upper intertidal mudflat.
the polychaete Nereis diversicolor showed a wider distribution throughout the year in the three habitats, but the highest numbers of this species were always found on the intertidal mudflat. the highest density value was recorded in august, in the lower intertidal area (236 ind m -2 ) (Fig. 3d) . biomass values showed a different seasonal pattern from those of the previously-mentioned species: in the three studied areas, the highest biomass values were obtained during summer, with maximum values of 0.70 g aFdW m -2 in June in the upper intertidal area and 0.73 g aFdW m -2 in august in the lower intertidal area (Fig. 3d) . the seasonal variation of the length of the individuals was similar in the three study areas. the individual mean total length showed its lowest value in January (5.79 mm), which was not coincident with the highest density peak recorded (Fig.  4c) . the smallest individuals were frequently found in the lower intertidal area and larger individuals in the subtidal area (Fig. 4c) .
Macrobenthic community structure
the correspondence analysis performed to reveal the macrobenthic community structure throughout the year, using the taxa densities, accounted for 81.7% of the total variance calculated for the first two ordination axes.
the correspondence analysis revealed that differences found in the macrobenthic community structure were more pronounced in a spatial perspective when based on the density values. the subtidal area is almost completely distinct from the intertidal areas, as it has a very low number of species and lower density values. Gammarus sp. was the only taxon particularly associated with the subtidal area, mainly because its presence was limited to that particular area. in the intertidal areas, the upper intertidal area was differentiated in summer and autumn by high densities of a small number of species. the bivalve Scrobicularia plana was always dominant in the intertidal areas, showing high densities throughout the year and reaching maximum values during the autumn and winter months (Fig. 5a) . the correspondence analysis plot based on the species biomass is shown in Figure 5b . the total variance accounted by the first two axes was 85.6%. differences were found in the community structure at a seasonal level. the autumn points in the diagram are clearly separated from those of the other seasons and also from each other towards the extremes of the diagonal of the plot. Hydrobia ulvae is particularly associated with winter points, as the other species, especially S. plana, have higher biomass values during the spring and summer months. diSCuSSiOn the present study is the first one conducted in the tagus estuary aiming to describe the intertidal mudflat and subtidal channel macrobenthos communities, their structure and their dynamics. Few studies have analysed the zonation from high intertidal to deep subtidal sites (elliott and taylor, 1989) and generally they deal mainly with only one of these habitats, making comparisons between them impossible. this study's results have shown that throughout the sampling period, density and biomass values of the macroinvertebrate benthic communities were always much higher on the intertidal mudflat than in its adjacent subtidal area. the distinction between the upper and the lower parts of the intertidal mudflat was not particularly clear.
the mudflat areas of the tagus estuary showed fewer species than other european estuaries (Michaelis et al., 1992; Ysebaert et al., 1998; Ysebaert et al., 2000; dewicke et al., 2003; laine, 2003) . the number of macroinvertebrate taxa registered on the sampled intertidal mudflat (12) was also lower than that obtained for other Portuguese estuaries: 27 species in the ria de aveiro and 105 in the Sado estuary (Mucha and Costa, 1999) , 30 in the Mondego estuary (Marques et al., 1993a) and 53 in the ria Formosa (Sprung, 1994) . a previous study conducted in similar habitats of the tagus estuary (rodrigues et al., 2006) also showed higher species richness (68 species) than that obtained in the present work. However, this study reported only 10 species as significantly contributing to the total abundance. in comparison with tropical mudflats, species richness of this type of habitat in temperate estuaries tends to be lower, whereas species abundances tend to be higher (dittmann, 2000) . the low number of species recorded in the present study may be related to the fact that the study area was small (different habitats within the estuary) in comparison with other studies, which often cover gradients through the whole estuarine system. although species richness was very low in the present study, the most common and abundant species, which dominate the intertidal macrobenthic community, were the same as those reported in previous studies for this area, including mainly Scrobicularia plana, Cyathura carinata, Nereis diversicolor and Hydrobia ulvae (rodrigues et al., 2006) . a study of intertidal areas on the north bank of the tagus estuary showed a comparable situation, with a higher number of identified taxa and the same dominating species within the community (Silva et al., 2006) . the main difference in comparison with our study was the high abundances of the polychaete Streblospio shrubsolii, one of the species known to be commonly associated with this type of community (borja et al., 2004) . the present work was conducted at a very specific and relatively small area on an intertidal mudflat and in subtidal adjacent areas of a sheltered branch of the tagus estuary, and this might explain why this species was not found. Previous studies conducted in exactly the same area also failed to indicate S. shrubsolii as one of the dominant species in the community (Cardoso et al., 2008) . according to rodrigues et al. (2006) , this species is widely distributed in the estuary but high abundances were only found in the northernmost part of the sampled area and always in the lower parts of the intertidal mudflat. this species' high density values were also obtained in a more exposed area on the north bank of the tagus estuary and were mostly associated with its recruitment during the autumn (Silva et al., 2006) .
Similar biomass values to those of the present study were previously recorded in this mudflat area of the tagus estuary for the bivalve Scrobicularia plana, with this species representing almost 86% of the total biomass (rodrigues et al., 2006) . the strong dominance of the overall macrobenthic assemblage by very few species is a common pattern in other intertidal areas, particularly in muddy sediments (Kalejta and Hockey, 1991; guerreiro, 1998; . the macrobenthic community described in this study seems to be typical for the inner middle part of the estuaries, frequently occurring on muddy sand flat bottoms and well oxygenated waters, as reported by borja et al. (2004) . according to these authors, the main taxa associated with this community are the Oligochaeta group, the polychaetes Streblospio shrubsolii and Nereis diversicolor, the gastropod Hydrobia ulvae and the crustacean Cyathura carinata and Corophium spp. the polychaete Pygospio elegans, one of the most abundant species found in the present work, can also be characteristic of this type of estuarine community (Junoy and Viéitez, 1990 ).
Significant changes in the level of the depth/elevation gradient, especially considering the full range from the deep subtidal zone to the high intertidal, are known to have a pronounced effect on estuarine macrobenthic species distribution . Sp, spring; Su, summer; aut, autumn; Wi, winter) among the few studies on this subject, for an estuary on the belgium coast (Zeeschelde), Yasebaert et al. (2000) report a different pattern to that obtained in the present study, with higher species richness in the subtidal area than in the intertidal areas. However, these authors also report higher densities and biomass in the intertidal level. in the Mondego estuary (Portugal) a comparison between the macrobenthic communities from the intertidal and subtidal areas was performed, with higher species richness in the intertidal area (90 species) (Marques et al., 1993a) than the subtidal area (52 species) (Marques et al., 1993b) . regarding the species density of this community, spatial variation clearly dominated over seasonal variation throughout the sampling period. this emphasises the key role played by this intertidal mudflat in the macrobenthic community, particularly during recruitment as density peaks (including a high number of juveniles) for all the species were recorded in this habitat. the same kind of pattern was obtained for the douro estuary, where the spatial variation was found to be greater than the seasonal one, in terms of both environmental parameters and macrobenthic community structure (Mucha et al., 2005) . a similar pattern in both benthic community structure and composition, with dominance of spatial over seasonal variability, was recently described for estuaries in north Carolina, uSa (Hyland et al., 2004) . Similar results were obtained in a study conducted in a tropical region, where variations recorded in the density of the most dominant taxa in mangrove and seagrass areas were mainly related to the type of habitat, not showing any pattern inherent to season (Sheridan, 1997) .
Concerning seasonality, the macroinvertebrate community from the study area showed the usual pattern for macrobenthic organisms: a density increase from spring until autumn, with a decrease in abundance during the winter months (Marques et al., 1993a) ; Ysebaert et al., 2003; Chainho et al., 2006) . this seasonal pattern seems to reflect the recruitment patterns of the different species, which usually takes place during spring and summer months. the highest species biomass values were obtained in spring, followed by a continuous decrease until winter, when the minimum values were reached. this is a common pattern for macrobenthic communities since most of the species show faster growth rates during spring months, when temperatures values increase (beukema, 1974; Ysebaert et al., 2003) .
One of the most abundant species from the macrobenthic community studied was the bivalve Scrobicularia plana, also a common and abundant one in other estuarine systems (Marques et al., 1993a; Sola, 1997; Chainho et al., 2006; rodrigues et al., 2006; Silva et al., 2006) . in the study area in the tagus estuary, S. plana reached a density peak in november, differing from previous works that indicate recruitment for this species and consequent increase in its abundance between spring and summer months (Verdelhos et al., 2005) . nevertheless, a previous study conducted in the tagus estuary reported recruitment for this species between summer and autumn (Silva et al., 2006) . there was a rapid increase in biomass during the spring months. this confirms the results of previous works, which showed higher growth rates during the same period (beukema, 1974; Verdelhos et al., 2005) . Wanink and Zwarts (1993) concluded that tidal height also has a strong relation to the distribution of different age classes for this species: smaller individuals are found mainly in intertidal areas with longer emersion periods. this may explain the occurrence of smaller individuals in the upper part of the intertidal area, as shown in the present work.
the isopod Cyathura carinata was also one of the dominant species in the studied community. it had already been reported as one of the most abundant species on intertidal mudflat habitats (Marques et al., 1994; Ferreira et al., 2004) . the seasonal density pattern obtained for this species is similar to those described in previous studies: highest values in late summer and a subsequent decrease until the following spring (Ferreira et al., 2004) . this species recruits once a year, generally in the summer months (Marques et al., 1994; Ferreira et al., 2004) . this agrees with results obtained in the present study. as was shown for the bivalve Scrobicularia plana, an increase in biomass also occurred for C. carinata in spring (Ferreira et al., 2004) . the polychaete Nereis diversicolor is a common species found on the intertidal mudflat habitats of most european estuaries (abrantes et al., 1999; Cabral et al., 1999; Masero et al., 1999) . as occurred in the present study, the density patterns for this species were also variable in a study conducted in the ria de aveiro (abrantes et al., 1999) . despite the variations, in both cases the density of this species increased in spring, with considerably higher values in summer and a subsequent decrease in the autumn and winter months. recruitment peaks for this species were not clearly visible, but according to previous works they may occur once a year, in spring or summer, or twice a year, when it has a wider reproduction period (abrantes et al., 1999; Silva et al., 2006) . besides the variations in the recruitment processes of this species, there are also factors that may explain the variation in density patterns at a spatial level.
results from the present work demonstrate the key role that intertidal mudflats in the tagus estuary play for macroinvertebrate communities. Most species of this community seem to take advantage of the favourable conditions they can find in this specific type of habitat, as considerably higher density and biomass values are found there. according to França et al. (2008) , the same intertidal mudflat also plays an important role for the nekton community of the tagus estuary. the most abundant nekton species showed a marked seasonal pattern when using this habitat, with highest densities during the spring and summer months. Most of these density peaks reflected the recruitment of these species, which may also indicate that they can take advantage of the high abundance of prey in the mudflat, as the present study describes high densities of macroinvertebrates during this period. long-term studies on these communities would be useful to assess their structure and dynamics and to detect inter-and intraannual fluctuations. understanding these ecological patterns, particularly where spatial and/or temporal variation is great, also requires a comprehensive appreciation of the interactions of geomorphology, hydrology and climatology. Further studies on these intertidal mudflats and the communities that explore them are crucial and must take all these parameters into account in order to understand their structure, dynamics and functioning and their relationship with other estuarine habitats. aCKnOWledgeMentS
